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40-GHz S- and L-Band Dual-Wavelength Pulse
Source Using Fiber Optical Parametric Oscillator
Xie Wang, Chi Zhang, Jianbing Xu, and Kenneth K. Y. Wong, Senior Member, IEEE
Abstract— We demonstrate a 40-GHz dual-wavelength pulse
source in S- and L-band on the basis of harmonically mode-
locked fiber optical parametric oscillator. Through leveraging,
a 150-m highly-nonlinear dispersion-shifted fiber with a positive
β(4), good quality, and low timing jitter pulse trains in both
S- and L-band can be generated simultaneously. Its tuning range
is as wide as 71 nm, from 1507 to 1542 nm and from 1570 to
1606 nm, with a wavelength span of ∼100 nm. The proposed
scheme has the potential to become an efficient high repetition
rate pulse source for optical communication beyond conventional
wavelength band.
Index Terms— Optical parametric amplifier, optical parametric
oscillator, optical fiber laser.
I. INTRODUCTION
W ITH the ever increasing demand for today’s bandwidth-intensive services such as high-definition internet
video, cloud computing and social networking, high repetition
rate picosecond pulse source beyond conventional wavelength
band has become increasingly important to further extend
the signal transmission band to S- and L-band and achieve
wideband high capacity optical systems [1]–[4]. However,
picosecond laser with high repetition rate is generally not
available at some nonconventional wavelengths due to the
limited bandwidth of the gain medium. Fiber optical para-
metric amplifier (FOPA) [5] based on χ(3) nonlinear effect
of optical fiber offers remarkable properties such as high
gain, wide gain bandwidth, and ultra-fast response, which
result in spectacular performance of fiber optical parametric
oscillator (FOPO) in terms of the wavelength tunability and
output power [6]. Previously, several FOPO configurations
have been demonstrated, for example continuous wave (CW)
operation oscillating at single wavelength [7], CW operation
oscillating at multiwavelength [8], pulsed operation oscillat-
ing at single wavelength [9] and recently pulsed operation
oscillating at multiwavelength [10]. However, in the previous
efforts pursuing pulsed FOPO, the repetition rate was usually
limited to 10 GHz with relatively small tuning range in
C- and L-band (less than 30 nm) [11]–[14]. More recently,
Li et al. demonstrated high-speed pulse generation based
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on FOPO which was synchronously pumped by a 40-GHz
mode-locked fiber laser (MLFL). However, they only quan-
tified the performance at a single wavelength with tuning
range confined in the C-band (around 21 nm) and a relatively
expensive 40-GHz MLFL was required in their scheme [15].
And the widely tunable FOPO operating at high repetition
rate has not been demonstrated yet. In order to achieve a
widely tunable and high repetition rate FOPO, small dispersive
walk-off between the pump and the signal is essential and
large walk-off will result in deteriorated pulse generation [16].
Though the walk-off can be reduced by shortening the gain
fiber, the peak power of the pump needs to be increased
accordingly and the pump with high peak power and high
repetition rate is difficult to obtain. Therefore, a proper gain
fiber provides both efficient gain and small dispersive walk-off
is highly desirable.
In this letter, we demonstrate a widely tunable 40-GHz dual-
wavelength pulsed FOPO. Good quality pulses in both S- and
L-band with relatively short duration and low timing jitter can
be generated simultaneously. By leveraging a short gain fiber
with a positive β(4) which can provide flat and broadband gain
spectrum as well as small dispersive walk-off [17], the tuning
range of the generated pulse trains is about 71 nm, from 1507
to 1542 nm and from 1570 to 1606 nm with the wavelength
span of around 100 nm. The pulse trains show good quality
over the whole tuning range. The proposed scheme has the
potential to become an efficient and useful high repetition
rate pulse source for future wideband optical communication
systems.
II. EXPERIMENTAL SETUP
The experimental setup of the 40-GHz FOPO is shown in
Fig. 1. The parametric pump was obtained from a CW tunable
laser source (TLS) with a fixed wavelength of 1555.5 nm. It
was then intensity modulated by a 4-GHz clock signal using
a Mach–Zehnder modulater (MZM). The MZM was biased
slightly below the quadrature point resulting in a reduced
duty cycle. In order to suppress the stimulated Brillouin scat-
tering (SBS) in the highly-nonlinear dispersion-shifted fiber
(HNL-DSF), the pump was then phase dithered with a 10-Gb/s
27 − 1 pseudo-random binary sequence (PRBS) via a phase
modulator (PM). The polarization controllers (PC1 and PC2)
were used to align the state-of-polarization (SOP) of the pump
with the transmission axis of the MZM and PM. Afterwards,
the pump was amplified by two stage erbium-doped fiber
amplifiers (EDFA1 and EDFA2) to about 29 dBm. A tunable
bandpass filter (TBPF) was inserted between two EDFAs to
reduce the amplified spontaneous emission (ASE) noise. The
1041-1135/$31.00 © 2013 IEEE
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Fig. 1. Experimental setup of the 40 GHz FOPO.
amplified pump then passed through a circulator (CIR), and
the reflected power due to the SBS was monitored by a power
meter at port 3. Then it was coupled into the 150-m long
HNL-DSF, which had a nonlinear coefficient of 30 W−1km−1,
zero-dispersion wavelength (ZDW) of 1554 nm, β(3) of
3.29 × 102ps3/km, and β(4) of 5.0 × 10−5 ps4/km, through
the wavelength-division multiplexing coupler (WDMC1). The
WDMC2 was used to filter out the high power pump. A 90/10
coupler in the cavity provided 90% feedback and 10% output.
The variable bandwidth tunable bandpass filter (VBTBPF)
operating in the L-band was inserted into the cavity to
determine the desired oscillating wavelength. The optical delay
line (ODL) was used to synchronize the oscillating signal with
the pump. The PC3 and PC4 were used to align the SOP of
the oscillating signal with that of the pump. The WDMC3
with a cutoff wavelength of 1569 nm was used after the 10%
port of 90/10 coupler in order to separate the S- and L-band
pulse trains. The FOPO output spectrum was monitored by
an optical spectrum analyzer (OSA) through a 99/1 coupler
inside the cavity. The waveform of the output was recorded by
a digital communication analyzer (DCA) with receiver module
Agilent 86116A (operating wavelength: 1000–1600 nm, opti-
cal bandwidth: 53 GHz) and the pulsewidth was measured by
an autocorrelator.
III. RESULTS AND DISCUSSIONS
The center wavelength of VBTBPF was first set to be
1590 nm. Then by fine tuning the ODL to ensure that the
round-trip time of the selected wavelength matches the pump
repetition rate, the harmonic mode-locking was achieved. In
addition to the generation of mode-locked signal pulse train
at 1590 nm (L-band), we can also obtain another idler pulse
train at 1522 nm (S-band) due to the parametric process in
HNL-DSF. Fig. 2 shows the optical spectrum measured after
the 99/1 coupler inside the cavity. Note that the pedestal at
the bottom of the pump is due to the ASE noise of EDFAs
and the small peaks of the pump may be caused by the self-
phase modulation (SPM). Fig. 3 shows the waveforms and the
corresponding high-resolution optical spectra of the signal and
Fig. 2. Optical spectra measured after the 99/1 coupler inside the FOPO
cavity. The inset shows the waveform of the input pump pulse. Time
scale:10 ps/div.
(a)
(c)
(b)
(d)
Fig. 3. (a) The waveform of the generated signal at 1590 nm; (b) optical
spectrum of the signal; (c) the waveform of the generated idler at 1522 nm;
(d) optical spectrum of the idler. Time scale: 10 ps/div.
idler. In Fig. 3(b) and (d), the 40-GHz frequency combs with
separation of 0.32 nm are clearly shown. The RMS timing
jitter of the signal and idler were measured to be 341 fs and
356 fs. The output power of the signal was 6.58 dBm. Fig. 4(a)
shows the autocorrelation trace of the signal at 1590 nm and its
sech2 fit, the trace fits well with a sech2 shape. By using the
deconvolution factor of 0.648, the full-width half-maximum
(FWHM) pulsewith of the signal was calculated to be 3.28 ps,
which was narrower than that of the pump (10 ps) due to the
compression effect of the FOPO. The time-bandwidth product
of the signal was calculated to be around 0.46, which is larger
than that of the transform-limited pulse, 0.315.
Wavelength tuning was achieved by tuning the center wave-
length of the VBTBPF with the fixed pump wavelength at
1555.5 nm. Fig. 4(b) shows the calculated walk-off delay
between the pump and the generated signal in the HNL-DSF.
The relatively small walk-off guarantees the widely tunable
operation of the FOPO. Fig. 5 shows the optical spectra
measured after the 99/1 coupler inside the cavity. The black
dashed line in Fig. 5 shows the simulated gain spectrum of the
single pass FOPA (0.7-W CW pump fixed at 1555.5 nm) with
a positive β(4) = +5.0×10−5 ps4/km, while the red dotted line
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Fig. 4. (a) Autocorrelation trace and sech2 fit of the generated signal at
1590 nm. (b) Calculated walk-off delay between the pump and the generated
signal (red dashed line) and the group-velocity dispersion curve of the
HNL-DSF (black solid line).
Fig. 5. Optical spectra measured after the 99/1 coupler inside the FOPO
cavity when tuning the wavelength. The black dashed and red dotted lines
show the simulated gain spectra of a single pass FOPA with a positive and
negative β(4), respectively.
Fig. 6. Pulsewidth (black rectangles) and time-bandwidth (blue triangles)
product of the generated signal in the L-band. The insets show the autocor-
relation trace and its sech2 fit.
shows the simulated gain spectrum of FOPA with a negative
β(4) = −5.0 × 10−5 ps4/km. As can be observed from the
simulation, the positive β(4) is beneficial to generate a broader
gain spectrum. The achievable tuning range in our experiment
was about 71 nm, from 1507 to 1542 nm and from 1570 to
1606 nm with the wavelength span of around 100 nm. Further
tuning was limited by the tuning range of our VBTBPF inside
the cavity. Fig. 6 shows the pulsewidth and its corresponding
time-bandwidth product of the oscillating signal in the L-band
Fig. 7. RMS timing jitter measurement over the whole tuning range.
The insets show the corresponding waveforms. Time scale: 10 ps/div.
when tuning the wavelength. The insets are autocorrelation
trace and its sech2 fit. The time-bandwidth product ranges
from 0.39 to 0.61, which indicates the pulse is chirped. This is
mainly due to the cross-phase modulation between the pump
and the oscillating signal in the HNL-DSF [18]. Note that
the decreasing trend of the pulsewidth is in good agreement
with the theoretical prediction [16]. Then, we investigated the
pulse quality in terms of the RMS timing jitter measured by
the DCA. The results are shown in Fig. 7. Due to the operating
wavelength of the Agilent 86116A in the DCA, the signal with
wavelength larger than 1600 nm was not recorded. As can be
observed, the timing jitter varies from 300 fs to 406 fs over
the whole tuning range. The insets show the corresponding
waveform of the signal and idler recorded by DCA, which
both exhibit good quality.
IV. CONCLUSION
In conclusion, we demonstrated a 40-GHz dual-wavelength
pulsed FOPO. By utilizing a gain fiber with a positive β(4),
simultaneous generation of 40-GHz pulse train in both S- and
L-band, with the wavelength span of around 100 nm was
obtained. The RMS timing jitter of the generated pulse trains
varied from 300 fs to 406 fs over the whole tuning range,
while the FWHM pulsewidth varied from 2.4 ps to 4.0 ps
in the L-band. Further tuning can be potentially achieved by
using different filters and pursuing different fibers to tailor the
gain bandwidth of the FOPA. This scheme has the potential
to become an efficient pulse source for optical communication
beyond conventional wavelength band.
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